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Introduction {#sec001}
============

Accompanied by the discovery of powerful anti-cancer drugs, the long-term survival of cancer patients has drastically improved in the last few decades. However, despite the sophisticated chemotherapeutic strategies which have been developed to date, tumor recurrence remains a major obstacle in the cure of various cancers. One of the causes of tumor recurrence is the persistence of cells which are insensitive to administered chemotherapeutic drugs. Given that tumor cells, especially solid tumor cells, frequently acquire drug resistant phenotypes during long-term chemotherapy, a means of restoring anti-cancer drug sensitivity is highly desirable and could help to achieve chemotherapeutic eradication of whole cancers.

Cell adhesion-mediated drug resistance (CAM-DR) is a type of drug resistance that has been described in hematological malignancies, and it has been shown that β1 integrin-mediated leukemic cell adhesion to fibronectin in the bone-marrow stroma plays a crucial role in the acquisition of this type of resistance \[[@pone.0162525.ref001]--[@pone.0162525.ref003]\]. Therefore, abrogation of β1 integrin signaling appears to be sufficient to overcome this form of drug resistance. We have previously found a biologically active peptide in fibronectin, FNIII14 \[[@pone.0162525.ref004], [@pone.0162525.ref005]\], and have shown that a synthetic peptide consisting of the FNIII14 site strongly alters the conformation of β1 integrin from its active to inactive form \[[@pone.0162525.ref006]--[@pone.0162525.ref009]\]. We have also demonstrated that CAM-DR in acute myelogenous leukemia (AML) cells is completely abrogated by the FNIII14 peptide; coadministration of FNIII14 with cytarabine efficiently eradicates leukemic cells from AML model mice, resulting in 100% survival during the observation period \[[@pone.0162525.ref002]\].

The acquisition of CAM-DR through β1 integrin ligation is not limited to hematological malignancies; it has also been observed in solid tumors. A survival advantage associated with β1 integrin-mediated cell adhesion and drug resistance has been reported in breast cancer and oral squamous cell carcinoma (OSCC) \[[@pone.0162525.ref010]--[@pone.0162525.ref012]\]. Furthermore, Nakagawa *et al*. recently reported that the CAM-DR observed in OSCC could be abrogated by our FNIII14 peptide \[[@pone.0162525.ref012]\]. However, to date, the mechanisms underlying the development of CAM-DR mediated by β1 integrin ligation have not been elucidated.

In the present study, using two different adherent tumor cell lines which originate from a mammary carcinoma and melanoma, we demonstrate that CAM-DR in solid tumor cells is abrogated by our FNIII14 peptide. Although Matsunaga *et al*. have reported that the abrogation of CAM-DR in AML cells is promoted through the downregulation of the anti-apoptotic protein Bcl-2, we found that the FNIII14 peptide enhanced expression and activation of the pro-apoptotic BH3-only Bcl-2 family protein, Bim, in solid tumor cells. This suggests that the molecular basis of FNIII14-mediated solid tumor cell chemosensitization is different to that observed in hematological malignancies. Furthermore, *in vivo* experiments show that coadministering FNIII14 with doxorubicin suppresses tumor metastasis without affecting the size of the primary tumor or subjects' body weight. Taken together, the results presented suggest that FNIII14 coadministration is a promising strategy to sensitize tumor cells to chemotherapeutic drugs. By combining FNIII14 with chemotherapeutic drugs, tumor cell elimination and suppression of metastasis can be achieved, which could reduce the frequency of tumor recurrence.

Materials and Methods {#sec002}
=====================

Reagents {#sec003}
--------

Human plasma fibronectin was purified as described previously \[[@pone.0162525.ref013]\]. Peptide FNIII14 corresponding to residues 1835--1855 of fibronectin \[[@pone.0162525.ref005]\] and its analogous inactive peptide FNIII14scr (amino acid scrambled peptide) were obtained from Sawady Technology. Vinblastine sulfate was purchased from Wako. Aclarubicin hydrochloide, doxorubicin hydrochloride, dacarbazine, z-VAD-fmk, and anti-actin antibody were purchased from Sigma. Antibodies against pan-Akt (sc-1618), Bax (sc-7480), Bcl-2 (sc-7832), and tubulin (sc-32293) were purchased from Santa Cruz. β1-integrin activating antibody (clone 9EG7) was from BD Pharmingen.

Cell cultures {#sec004}
-------------

Mouse mammary tumor cell line 4T1 (kindly gifted from Dr. Kamiya at Josai international university) and MMT was cultured in complete RPMI medium supplemented with 10% heat-inactivated FBS and antibiotics. Mouse melanoma cell line B16BL6 (kindly gifted from Dr. Koshikawa at Yokohama city university) were cultured in complete DMEM/Ham's F-12 (1:1) supplemented with 10% FBS and antibiotics. 4T1 and B16BL6 cells were maintained in monolayer and harvested with trypsin (0.05%)-EDTA (0.02%).

WST assay {#sec005}
---------

Cells (1.5 × 10^4^ cells/well) were seeded on a 96-well culture plate coated with 0.5 mg/mL of fibronectin in serum free medium. The relative number of viable cells was evaluated by the WST assay with a Cell Counting Kit-8 (DOJINDO) according to the manufacturer's instructions. Absorbance at 450 nm was measured using a microplate reader (ARVO-MX 1420; PerkinElmer). The drug concentration producing 50% reduction in cell survival (IC~50~) was calculated for each drug from linear regression analysis of the linear portion of the survival curves.

Combination index analysis {#sec006}
--------------------------

The combination index equation is based on the following multiple drug effect equation \[[@pone.0162525.ref014]\]: combination index = V~3~ / (V~1~ × V~2~) \*100, V~1~; viability at indicated concentrations (C~1~) of anticancer drug, V~2~; viability at FNIII14, V~3~; viability at combination of anticancer drug (C~1~) and FNIII14. Combination index = 1, \>1, or \<1 is considered additive, antagonistic, or synergistic, respectively.

Small RNA interference {#sec007}
----------------------

The 21-mer duplex siRNA for Bim (target sequence of 5\'- GACCGAGAAGGUAGACAAUUG -3\'), and control siRNA (random-Bim; 5\'- GGCUGUAACUUACGUGUACUU -3\') were synthesized by Wakamori-syokai. Cells (1.0 × 10^5^ cells) were transfected with these siRNAs using Lipofectamin RNAiMAX (Life Technologies) according to the manufacturer's instructions, and then seeded on 12-well plates. Twenty-four hours after transfection, cells were subjected to western-blot analysis or WST assay.

Confocal microscopic analysis {#sec008}
-----------------------------

Cells were seeded on cover-slips, which were coated with fibronectin (0.5 mg/ml), and cultured in complete growth medium. For mitochondrial staining, cells were loaded with 1 mM MitoTracker Red (Molecular Probes) at 37°C for 1 h. After fixation with cold methanol, cells were then permeabilized with 0.2% digitonin. After blocking step using 2% BSA, cells were stained with primary Abs followed by FITC- or Alexa633-conjugated secondary Ab. These cover-slips were then mounted on slide-glass and analyzed by confocal microscopy (Fluoview FV1000; Olympus).

Sucrose gradient fractionation {#sec009}
------------------------------

Subcellular fractionation was performed as described previously \[[@pone.0162525.ref015]\]. Briefly, MMT cells, with or without FNIII14 and/or doxorubicin administration, were lysed in extraction buffer (1% Triton X-100, 50 mM PIPES, 50 mM HEPES, 2 mM MgCl~2~, 1 mM EDTA, 1 mM DTT) containing protease inhibitors. Lysates were taxol and apyrase for 15 min at 37°C. These samples were gently loaded onto an equal volume of 10% sucrose and centrifuged at 40,000 rpm in a swing rotor for 16 h at 4°C. Pellets were dissolved in Laemini buffer. Supernatants were concentrated by acetone precipitation, and then precipitants were dissolved in Laemini buffer. These samples were subjected to western blotting analysis.

Immuno-precipitation {#sec010}
--------------------

Cells were seeded on a 6-well plate and cultured for 4 h with BCG or reagents. The cells were then washed with PBS and lysed with 10 mM Tris-HCl (7.4) containing 150 mM NaCl, 1% NP-40, and inhibitors for proteinases and phosphatases. These lysates were incubated with anti-Bim Ab or anti-Bcl-2 Ab for 2 h at 4°C, following by incubation with Protein G-Sepharose beads (GE Healthcare) for 1 h at 4°C. Immuno-precipitants were then denatured with Laemmli's buffer and subjected to western blotting as described above.

*In vivo* model of spontaneous tumor metastasis {#sec011}
-----------------------------------------------

Female BALB/c mice aged 4 weeks were obtained from Sankyo Labo Service. The mice were initially maintained under standard conditions for 1 week with free access to food and water. After acclimatization, 3 x 10^6^ 4T1 cells were subcutaneously injected into dorsal flank of 5 weeks old mice (n = 3) in 200 mL PBS. After 11 days, the mice were euthanized by exsanguination under isoflurane anesthesia, and the primary tumor lesion was surgically excised and minced. Then, 0.6 mg of the primary tumor was transplanted into the ventral flank of another 5-week-old mouse. There were 16 mice that received transplanted tumors, and these were randomly divided into four equal groups: control, doxorubicin treatment, FNIII14 treatment, and doxorubicin+FNIII14 treatment. After transplantation, mice were intra-peritoneally injected with 200 mg/mouse FNIII14 in PBS on days 0 to 10. On day 4, 200 mg/mouse doxorubicin was also injected intra-peritoneally. The mice were sacrificed, as described above, 12 days after tumor transplantation. The lung, liver, and spleen were then collected and weighed. The organs were then formalin-fixed, paraffin-embedded, and tissue sections were cut and stained with hematoxylin/eosin. All of the animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Tokyo University of Science.

Statistical analysis {#sec012}
--------------------

Results are expressed as means ± standard deviation. Differences between experimental groups were analyzed using two-way factorial ANOVA and a post-hoc test. When a *p*-value was less than 0.05, the difference was considered statistically significant.

Results {#sec013}
=======

The cytotoxicity of anti-cancer drugs is potentiated by the FNIII14 peptide in mammary tumor and melanoma cells {#sec014}
---------------------------------------------------------------------------------------------------------------

To determine whether the viability of solid tumor cells is affected by β1 integrin-derived signaling, the β1 integrin inactivating peptide, FNIII14, was coadministered with anti-cancer drugs in two solid tumor cell lines: 4T1 and B16BL6. These cells are derived from a mouse mammary tumor and melanoma, respectively. As shown in [Fig 1A](#pone.0162525.g001){ref-type="fig"}, a dose-dependent decrease in viable 4T1 cells was observed with doxorubicin treatment (closed gray circles), and similar results were obtained in B16BL6 cells treated with aclarubicin ([Fig 1B](#pone.0162525.g001){ref-type="fig"}, closed gray circles). As shown in [S1A and S1E Fig](#pone.0162525.s002){ref-type="supplementary-material"}, administration of the FNIII14 peptide to the solid tumor cell lines reduced their adhesion to fibronectin through inactivation of β1 integrin. When the cell lines were concomitantly treated with anti-adhesive FNIII14 peptide and anti-cancer drugs, the viability was dramatically decreased compared with cells treated with anti-cancer drugs and a control scramble FNIII14 (FNIII14scr) peptide, which has no effect on β1-integrin activation ([Fig 1A and 1B](#pone.0162525.g001){ref-type="fig"}, open circles vs. closed gray circles). These results suggest that tumor cell death is enhanced when the FNIII14 peptide is simultaneously administered with either doxorubicin or aclarubicin.

![Coadministration of peptide FNIII14 synergistically increased susceptibility of tumor cells to chemotherapeutic drugs.\
(A) Mammary tumor cell line 4T1 was seeded on fibronectin-coated plated. Then these cells were treated with peptide FNIII14 and serial dose of doxorubicin (DOX). (B) Melanoma B16BL6 was seeded on fibronectin-coated plated. Then, these cells were treated with peptide FNIII14 and serial dose of aclarubicin (ACR). Twenty-four hours later, the number of viable cell was estinmated by WST assay. Data were shown as means ± S.D. \*; *p*\<0.05 vs the cells cotreated with FNIII14scr and anticancer drug. Combination index (CI) and IC~50~ values was calculated as described in materials and methods.](pone.0162525.g001){#pone.0162525.g001}

Of note, a decrease in the number of viable cells was also observed with administration of the peptide in the absence of anti-cancer drug treatment ([Fig 1](#pone.0162525.g001){ref-type="fig"}), and the adhesion of both cell lines to a fibronectin substrate was also suppressed by administration of the FNIII14 peptide alone ([S1A and S1E Fig](#pone.0162525.s002){ref-type="supplementary-material"}). The cytotoxic effect of the FNIII14 peptide observed in 4T1 and B16BL6 cells in the absence of anti-cancer drug administration was abrogated by the β1-integrin activating antibody 9EG7 ([S1B and S1F Fig](#pone.0162525.s002){ref-type="supplementary-material"}). In our experiments, the decrease in 4T1 cell viability that was induced by FNIII14 was abrogated by the broad caspase inhibitor Z-VAD-fmk ([S1D Fig](#pone.0162525.s002){ref-type="supplementary-material"}). Furthermore, pro-apoptotic caspase-3 activation was observed in the MMT mouse mammary tumor cell line ([S1C Fig](#pone.0162525.s002){ref-type="supplementary-material"}). These results indicate that the anti-adhesive FNIII14 peptide could induce apoptotic cell death in mammary tumor cells. Given these observations, we proceeded to determine whether the decrease in viability observed with coadministration of anti-cancer drugs with FNIII14 was due to cumulative FNIII14-induced anoikis and anti-cancer drug-induced apoptosis, or whether the effect of the two treatments was synergistic. To determine whether the effect of FNIII14 on viability is additive or synergistic to anti-cancer drug treatment alone, the combination index (CI: CI \< 1.0 indicating a synergistic effect; CI = 1.0 indicating an additive effect; and CI \> 1.0 indicating an antagonistic effect) value was calculated \[[@pone.0162525.ref014]\]. In FNIII14-treated 4T1 cells, the CI value was 0.86 at 10^−7^ M doxorubicin and 0.89 at 10^−8^ M doxorubicin; in FNIII14-treated B16BL6 cells, the CI values at 10^−7^ M and 10^−8^ M aclarubicin were 0.33 and 0.65, respectively. These data indicate that FNIII14 synergistically enhances the cytotoxic effect of anti-cancer drugs in solid tumor cell lines. To validate the FNIII14-mediated enhanced anti-cancer drug cytotoxicity, we also calculated the concentration of anti-cancer drug required to inhibit cell viability by half in the presence or absence of FNIII14 (IC~50~). The IC~50~ of doxorubicin in FNIII14-treated 4T1 cells was 0.32 nM, and 250 nM in control FNIII14scr-treated cells. When cells were treated only with doxorubicin, almost the same doxorubicin IC~50~ (210 nM) was obtained as in doxorubicin+FNIII14-scr-treated cells. In B16BL6 cells, the IC~50~ of aclarubicin coadministered with FNIII14 or the control peptide FNIII14scr was 0.005 nM and 100 nM, respectively. We proceeded to calculate the IC~50~ of a number of other anti-cancer drugs in B16BL6 cells in the presence and absence of the FNIII14 peptide ([Table 1](#pone.0162525.t001){ref-type="table"}). The IC~50~ values calculated suggest that the cytotoxicity of a range of anti-cancer drugs is enhanced in the presence of the FNIII14 peptide, indicating that the FNIII14 peptide might broadly increase the susceptibility of tumor cells to anti-cancer drugs.

10.1371/journal.pone.0162525.t001

###### Effect of peptide FNIII14 on the cytotoxicity of various anti-cancer drugs.

![](pone.0162525.t001){#pone.0162525.t001g}

  [***B16BL6 cells***]{.ul}    **IC**~**50**~ **(x 10**^**−9**^ **M)**   
  ---------------------------- ----------------------------------------- -----------
  ***\[Anti-biotics\]***                                                 
    **Actinomycin D**          **10**                                    **0.05**
    **Mytomycin C**            **10**                                    **0.025**
    **Bleomycin**              **10**                                    **0.02**
  ***\[Alkaloid\]***                                                     
    **Vinblastine**            **10**                                    **0.001**
    **Vincristine**            **50**                                    **0.01**
    **Vindesine**              **1000**                                  **0.1**
  ***\[Anti-metabolite\]***                                              
    **6-Melcaptoprine**        **1000**                                  **5**
    **5-Fluorouracil**         **10**                                    **0.05**
  ***\[Alkylating agent\]***                                             
    **Decarbazine**            **100**                                   **1**

Concentration of anti-cancer drug required to inhibit the cell viability by half in the presence or absence of FNIII14 (IC50) was calculated.

Bim-mediated pro-apoptotic signaling underlies the synergistic enhancement of anti-cancer drug cytotoxicity by FNIII14 {#sec015}
----------------------------------------------------------------------------------------------------------------------

In the last decade, the potential relationship between pro-apoptotic Bim and solid tumor cell chemosensitivity has been discussed \[[@pone.0162525.ref016]--[@pone.0162525.ref022]\]. We therefore proceeded to evaluate the expression of Bim in 4T1 cells treated with FNIII14 by western blotting. As shown in [Fig 2A](#pone.0162525.g002){ref-type="fig"}, BimEL levels were low in 4T1 cells treated with the control FNIII14scr peptide, and the alternative splice variants, BimL and BimS, were undetectable ([Fig 2A](#pone.0162525.g002){ref-type="fig"}, left side of left panel). All of these Bim proteins were upregulated in cells treated with the FNIII14 peptide alone ([Fig 2A](#pone.0162525.g002){ref-type="fig"}, right side of left panel) and in cells treated with doxorubicin alone ([Fig 2A](#pone.0162525.g002){ref-type="fig"}, left side of right panel). The coadministration of FNIII14 with doxorubicin resulted in a much greater increase in the levels of BimEL, BimL, and BimS ([Fig 2A](#pone.0162525.g002){ref-type="fig"}, right side of right panel).

![Implication of proapoptotic Bim protein in enhanced chemosensitivity induced by FNIII14 treatment.\
(A) 4T1 cells were seeded on fibronectin-coated plate. Then, these cells were stimulated with peptide FNIII14 and doxorubicin (DOX) for indicated hours. Whole cell lysates were subjected to western blotting analysis using anti-Bim Ab. (B) siRNA-mediated knockdown of Bim protein was attempted as described in materials and methods. Successful knockdown of Bim proteins was confirmed by western blotting analysis using anti-Bim Ab. (C) Serial dose of DOX was added to siRNA-transfected 4T1 cells combined with peptide FNIII14. Twenty-four hours later, the number of viable cell was estinmated by WST assay. Data were shown as means ± S.D. \*; *p*\<0.05 vs the cells treated with FNIII14scr and doxorubicin. Combination index (CI) was calculated as described in materials and methods.](pone.0162525.g002){#pone.0162525.g002}

Given that FNIII14 increased the expression of pro-apoptotic Bim, we proceeded to examine whether FNIII14-mediated upregulation of Bim was responsible for the enhanced tumor cell chemosensitivity. Initially, we established 4T1 cells with low levels of Bim expression by siRNA-mediated knockdown. As shown in [Fig 2B](#pone.0162525.g002){ref-type="fig"}, transfection of Bim siRNA into 4T1 cells greatly reduced the levels of the endogenous Bim variants, but the control siRNA oligonucleotides had no effect. When Bim-siRNA-transfected cells were cotreated with doxorubicin and FNIII14, the CI value was 1.07 at 10^−7^ M and 10^−8^ M doxorubicin; in control-siRNA-transfected cells, the CI value was 0.76 at 10^−7^ M doxorubicin and 0.73 at 10^−8^ M doxorubicin. Thus, the synergistic effect of FNIII14 on chemotherapeutic drug cytotoxicity was completely abrogated by downregulation of Bim. As such, FNIII14-induced upregulation of Bim could be responsible for the synergistic enhancement of drug-induced cell death by FNIII14.

Bim-mediated pro-apoptotic signaling is regulated not only at the level of expression, but also by changes in Bim subcellular localization. Pro-apoptotic Bim is inactive in cells while adhered to the extracellular matrix (ECM) substrate. Bim proteins are sequestered through binding to the microtubules distributed throughout the cytoplasm. When the Bim proteins are released from the microtubules, they translocate to the mitochondrial membrane where they capture anti-apoptotic proteins such as Bcl-2 and Bcl-xL, resulting in the induction of apoptosis. To investigate whether the FNIII14 peptide influences the subcellular localization of Bim, we used confocal microscopy and anti-Bim (red) and anti-tubulin (green) antibodies to investigate Bim localization in 4T1 cells. As shown in the left panel of [S3A Fig](#pone.0162525.s004){ref-type="supplementary-material"}, a merged yellow image, which indicates colocalization of Bim and tubulin, was observed in untreated cells. However, an entirely different pattern of localization (green and red images) was observed in FNIII14-treated cells. Similar results were obtained in the mouse mammary tumor MMT cell lines (Figs [3A](#pone.0162525.g003){ref-type="fig"} and [S3B](#pone.0162525.s004){ref-type="supplementary-material"}), suggesting that FNIII14 induces the release of Bim from microtubules. Moreover, in MMT cells, Bim release from microtubules was confirmed in a sucrose density gradient fractionation study. After centrifugation, whole MMT cell lysates were divided into a high-density fraction, which includes tubulin polymers, and a low-density fraction, which includes tubulin monomers. The fractions were then subjected to western blotting. In the low-density fraction, the level of BimEL was increased when cells were treated with FNIII14 ([Fig 3B](#pone.0162525.g003){ref-type="fig"}, upper panel), concomitant with increased tubulin depolymerization ([Fig 3B](#pone.0162525.g003){ref-type="fig"}, lower panel). We proceeded to perform confocal microscopy to visualize the colocalization of Bim with the mitochondria using an anti-Bim antibody (green) and mitotracker (red). As shown in [Fig 3C](#pone.0162525.g003){ref-type="fig"}, a merged yellow image, indicating the colocalization of Bim with the mitochondria, was observed in cells treated with FNIII14 (lower panel), but a different localization pattern (green and red image; upper panel) was observed in control cells. Furthermore, an immuneprecipitation study indicated that with FNIII14 treatment, Bim forms a complex with the anti-apoptotic protein Bcl-2, which is expressed on the mitochondrial membrane ([Fig 3D](#pone.0162525.g003){ref-type="fig"}). These results indicate that the enhanced chemosensitivity observed in tumor cells with FNIII14 treatment is caused by the activation of pro-apoptotic Bim signaling through modulation of its expression and subcellular localization.

![Activation of Bim signaling pathway in mammary tumor cells with FNIII14 treatment.\
(A) MMT cells were seeded on fibronectin-coated cover-slips and stimulated with peptide FNIII14. Then, immunofluoro-staining, using anti-Bim (red) and anti-tubulin (green) Abs, was performed and these samples were analyzed by confocal microscopy. Representative images from three independent experiments are shown. (B) Whole cell lysate of MMT cells with FNIII14 treatment was divided into a high-density and a low-density fraction by sucrose gradient centrifugation, and both fractioned samples were subjected to western blotting analysis with anti-Bim Ab and anti-tubulin Ab. (C) MMT cells were seeded on fibronectin-coated cover-slips and stimulated with peptide FNIII14 for 18 hrs. Then, immunofluoro-staining, using anti-Bim Ab (green) and mito-tracker (red), was performed and these samples were analyzed by confocal microscopy. Representative images from three independent experiments are shown. (D) Bcl-2 binding proteins and Bim binding proteins were immunoprecipitated from whole cell lysate of FNIII14-treated MMT cells using anti-Bcl-2 Ab and anti-Bim Ab, Precipitated proteins were subjected to western blotting analysis using anti-Bim Ab and anti-Bcl-2 Ab,](pone.0162525.g003){#pone.0162525.g003}

Drug-resistant cells have frequently been shown to have elevated efflux capacity compared with chemosensitive cells \[[@pone.0162525.ref023]--[@pone.0162525.ref025]\], and so we investigated whether FNIII14-mediated chemosensitization is achieved through the suppression of drug efflux. However, an analysis of intracellular drug accumulation, performed using flow cytometry, indicated that there was no difference in the level of intracellular doxorubicin or aclarubicin in FNIII14 peptide and control FNIII14scr-treated cells ([S2 Fig](#pone.0162525.s003){ref-type="supplementary-material"}). This suggests that the enhanced chemosensitivity observed in FNIII14-treated cells does not result from alterations in drug influx/efflux.

Coadministration of FNIII14 with doxorubicin inhibits the metastasis of 4T1 cells {#sec016}
---------------------------------------------------------------------------------

Finally, we evaluated the clinical potential of the FNIII14 peptide *in vivo*. Since we had determined that the anti-tumor effect of FNIII14 was derived from activation of Bim signaling, and accumulating evidence suggests that the suppression of Bim in tumor cells plays a significant role in tumor metastasis rather than in primary tumorigenesis \[[@pone.0162525.ref026]\], we focused our studies on the effect of FNIII14 on tumor metastasis. To prepare our tumor metastasis model, 4T1 cells were subcutaneously injected into the dorsal flank of Balb/c mice (n = 3). After 11 days, the established tumors were excised, minced, and 0.6 mg of tumor was transplanted into the ventral flank of healthy Balb/c mice (n = 16). These mice were randomly divided into 4 groups that were administered doxorubicin, FNIII14, doxorubicin+FNIII14, or vehicle, as shown in [Fig 4A](#pone.0162525.g004){ref-type="fig"}. After 12 days, the frequency of metastasis was estimated by weighing tissues. As shown in [Fig 4B](#pone.0162525.g004){ref-type="fig"}, an approximate 1.5-fold increase in the liver wet weight was observed in mice after tumor transplantation (black bar), although no differences in the body weight or primary tumor size were observed ([S4A and S4B Fig](#pone.0162525.s005){ref-type="supplementary-material"}). Histological analyses indicated that the increase in liver weight was due to the establishment of metastatic lesions ([Fig 4C](#pone.0162525.g004){ref-type="fig"}, lower left, and [Fig 4D](#pone.0162525.g004){ref-type="fig"} black bar). Mice treated with doxorubicin alone or the FNIII14 peptide alone showed a slight but significant suppression of the liver weight increase ([Fig 4B](#pone.0162525.g004){ref-type="fig"}, dark gray bars). However, a remarkable suppression of metastasis-induced liver weight gain was observed in mice concomitantly administered doxorubicin and FNIII14 ([Fig 4B](#pone.0162525.g004){ref-type="fig"}, open bar). Histology also indicated that mice coadministered doxorubicin and FNIII14 showed reduced levels of metastatic lesion establishment ([Fig 4C](#pone.0162525.g004){ref-type="fig"}, lower right). As shown in [Fig 4D](#pone.0162525.g004){ref-type="fig"}, the metastatic tumor burden in the livers of FNIII14+doxorubicin treated mice was also significantly reduced. No abnormal features, such as inflammatory or necrotic signs, were observed in the liver tissue sections derived from FNIII14+doxorubicin treated mice, although the liver weight in this group was less than that in normal healthy group ([Fig 4B](#pone.0162525.g004){ref-type="fig"}). In mammary tumor transplanted mice, an increase in lung and spleen tissue weight was also observed. This was significantly suppressed when mice were coadministered doxorubicin and FNIII14 ([S4C and S4E Fig](#pone.0162525.s005){ref-type="supplementary-material"}); the lung metastatic tumor burden in FNIII14 and doxorubicin co-treated mice was significantly reduced ([S4D Fig](#pone.0162525.s005){ref-type="supplementary-material"}). Thus, our results suggest that the FNIII14 peptide, in combination with chemotherapeutic drugs, has much therapeutic potential as an inhibitor of tumor metastasis.

![Combination therapy using FNIII14 and doxorubicin in mouse mammary tumor metastasis model.\
(A) The schematic illustration of experimental schedule. (B) Liver weight at day 12 after tumor graft implantation was shown in bar graph. Data were shown as means ± S.D. \*; *p*\<0.05 vs Dox(-)/FNIII14(-) animals. (C) Representative image of paraffin-embedded tissue section with hematoxylin-eosin staining. Metastatic tumor lesion was circled by broken white line. (D) Tumor burden was calculated as \[(tumor area / total tissue area) / number of metastatic foci\].](pone.0162525.g004){#pone.0162525.g004}

Discussion {#sec017}
==========

In this study, we have provided two lines of evidence to show that coadministration of our anti-adhesive FNIII14 peptide with chemotherapy could provide a new and efficacious approach for the clinical treatment of solid tumors. Firstly, we have shown *in vitro* that the efficacy of a number of anti-cancer drugs is synergistically enhanced in solid tumor cells by concomitant treatment with FNIII14. Secondly, we have demonstrated *in vivo* that the FNIII14 peptide can suppress the formation of metastatic lesions in mice with mammary tumor transplants. Although tumor recurrence remains a major obstacle in the elimination of solid cancers, our observations suggest that the FNIII14 peptide has the potential to overcome this through its ability to enhance the efficacy of chemotherapeutic drugs.

The majority of anti-cancer chemotherapeutic drugs exert their cytotoxic effects by stimulating intrinsic pro-apoptotic signaling, which is activated through the perturbation of mitochondrial homeostasis. Mitochondrial apoptosis is essentially regulated by a complex interplay of pro- and anti-apoptotic Bcl-2 family proteins. Consistent with this theory, it has been reported that the acquisition of CAM-DR in AML cells is due to upregulation of the anti-apoptotic Bcl-2 protein induced by β1 integrin-mediated cell adhesion \[[@pone.0162525.ref001]\]. We have shown that our FNIII14 peptide can abrogate CAM-DR through its ability to inactivate β1 integrin \[[@pone.0162525.ref002]\]. Although the anti-cancer drug sensitivity of solid tumor cells was increased by FNIII14 in the present study ([Fig 1](#pone.0162525.g001){ref-type="fig"} and [Table 1](#pone.0162525.t001){ref-type="table"}), as is the case in AML cells, the enhanced chemosensitivity observed was accompanied by activation of pro-apoptotic Bim signaling (Figs [2](#pone.0162525.g002){ref-type="fig"}, [3](#pone.0162525.g003){ref-type="fig"} and [S3](#pone.0162525.s004){ref-type="supplementary-material"}). Here, we have showed that the synergistic enhancement of doxorubicin cytotoxicity by FNIII14 is completely abrogated by Bim knockdown. These facts suggest that the mechanism underlying CAM-DR acquisition is different in adherent solid tumor cells and non-adherent hematological tumor cells. Supporting this hypothesis, it has previously been reported that doxorubicin exerts its effects through the Bim signaling pathway in various solid tumor cells \[[@pone.0162525.ref016], [@pone.0162525.ref021], [@pone.0162525.ref022]\]. Furthermore, a correlation between drug resistance and Bim activation has also been reported for other chemotherapeutic drugs in solid tumor cells \[[@pone.0162525.ref017]--[@pone.0162525.ref020]\]. Considering that Bim expression is frequently suppressed in solid tumor cells, FNIII14-mediated activation of Bim signaling, which should make solid tumor cells more sensitive to chemotherapeutic drugs, could be beneficial for anti-solid tumor drug therapy.

The upregulation of multidrug-resistance (MDR)-1 is a well-described principal mechanism underlying the acquisition of drug resistance \[[@pone.0162525.ref023]--[@pone.0162525.ref025]\]. Since the induction of MDR-1 expression by EGF has been reported in breast cancer cells \[[@pone.0162525.ref027]\], and EGFR expression is induced as a consequence of β1 integrin ligation \[[@pone.0162525.ref028]\], we hypothesized that FNIII14-mediated inactivation of β1 integrin might impact cellular drug efflux capacity. However, flow cytometry performed as part of this study indicated that there was no difference in the intracellular accumulation of doxorubicin in FNIII14-treated and control peptide-treated 4T1 cells ([S2A Fig](#pone.0162525.s003){ref-type="supplementary-material"}), and similar results were obtained with regard to intracellular vinblastine levels in B16BL6 melanoma cells ([S2B Fig](#pone.0162525.s003){ref-type="supplementary-material"}). This suggests that the increased cytotoxicity of chemotherapeutic drugs observed in cells treated with FNIII14 was not due to increased intracellular drug accumulation; FNIII14 might enhance the cytotoxicity of chemotherapeutic drugs by modulating the sensitivity of tumor cells to pro-apoptotic stimuli. If this is the case, then FNIII14 might also be applicable to other types of drug-free cancer therapy, such as radiation therapy. Indeed, it has been reported that the efficacy of ionizing radiation in human breast cancer xenografts is enhanced by antibody-mediated β1 integrin inhibition \[[@pone.0162525.ref029]\]. Furthermore, an essential role for β1 integrin-derived signaling has also been demonstrated in the acquisition of breast cancer invasiveness during radiotherapy \[[@pone.0162525.ref030]\]. In the present study, we have only tested the effect of FNIII14 on chemotherapeutic drug efficacy. However, we anticipate that administration of FNIII14 might also enhance the efficacy of other therapeutic approaches used in clinical oncology, such as radiation therapy.

Although we have demonstrated that the cytotoxic effect of anti-cancer drugs is synergistically enhanced by FNIII14 ([Fig 1](#pone.0162525.g001){ref-type="fig"}), the viability of mammary tumor and melanoma cells was also decreased in the presence of FNIII14 alone. In normal healthy tissue, the intracellular signaling which is activated by cell adhesion receptor integrins plays a key role in the regulation of growth and cell survival. In normal solid tissue, cells undergo apoptotic cell death, sometimes referred to as anoikis, when they lose adhesion to the appropriate ECM substrate. In contrast, it is well accepted that resistance to anoikis exists in malignant solid tumor cells; metastatic potential is obtained through the acquisition of anokis resistance which enables metastatic cells to grow and survive in an inappropriate ECM environment. Thus, our observation that the viability of solid tumor cells is decreased by FNIII14-mediated inactivation of β1 integrin, appears to be incongruous with our general understanding of malignant solid tumor cells. However, supporting our observations, Lee *et al*. have previously reported that anoikis resistance in prostate cancer cells is abolished by β1 integrin knockdown \[[@pone.0162525.ref031]\], and Morozevich *et al*. have reported that anoikis resistance in MCF-7 mammary tumor cells is accompanied by enhanced α5 β1 integrin expression \[[@pone.0162525.ref032]\]. Sanches-Ruderisch *et al*. have also shown that anoikis resistance in hepatocellular carcinoma HepG2 cells is abrogated by endogenous lectin galectin-1, which can interact with unligated α5 β1 integrins \[[@pone.0162525.ref033]\]. Moreover, consistent with our observation that FNIII14 enhances Bim expression and activation, the suppression of Bim signaling been reported to be involved in the acquisition of anoikis resistance. Fukazawa *et al*. have reported that the in human breast cancer, anoikis resistance is maintained through the low levels of Bim expression which result from ERK-mediated Bim degradation \[[@pone.0162525.ref034]\]. Buchheit *et al*. have also shown that ERK-mediated Bim sequestration is implicated in the evasion of anoikis in inflammatory breast cancer cells \[[@pone.0162525.ref035]\]. It has been well documented that the expression of Bim is regulated by forkhead transcription factors, which bind to the Bim gene promoter region. This binding is suppressed by Akt activation and the well described activation of MEK/ERK and PI3K/Akt through FAK. Taken together, these observations suggest that our FNIII14 peptide also has the potentially be used clinically to abrogate the anoikis resistance observed in malignant solid tumor cells.

Besides demonstrating that Bim signaling plays a key role in FNIII14-mediated tumor cell chemosensitization, and that FNIII14 has clear potential for the suppression of tumor metastasis. Although we have not elucidated the mechanism underlying the suppression of tumor metastasis, it is possible that the adhesion of circulating tumor cells, derived from the transplanted graft, was suppressed by FNIII14-mediated inactivation of β1 integrin, thereby reducing their capacity to establish metastases in distant tissues. However, a key role for intracellular HDAC6 and MT1-MMP transport in tumor cell metastasis has also been recently reported \[[@pone.0162525.ref036], [@pone.0162525.ref037]\]. These two molecules are loaded to the dynein motor complex and transported along the microtubule network. Interestingly, pro-apoptotic Bim is sequestered through loading to the dynein motor complex \[[@pone.0162525.ref015]\]. In this study, we observed that Bim expression in solid tumor cells was significantly enhanced by FNIII14 treatment, suggesting that the level of HDAC6 and MT1-MMP loaded to the dynein motor complex could possibly be reduced. Furthermore, the dynein motor complex would also be disrupted by the activation of pro-apoptotic Bim signaling \[[@pone.0162525.ref038]\]. As such, it is possible that the anti-metastatic effect of FNIII14 is due, at least in part, to the defective transport of molecules required for tumor metastasis, although further studies are required.

In this study, we have demonstrated that the β1 integrin inactivating peptide, FNIII14, can abrogate drug resistance and anoikis resistance in solid tumor cells, and we have shown that Bim plays a fundamental role in this. We have also demonstrated that FNIII14 administration can significantly suppress tumor metastasis *in vivo*. Although various β1 integrin heterodimers have been reported to transduce survival signals in solid tumor cells, we have previously shown that FNIII14 can inhibit β1 integrin regardless of the associated α-subunit \[[@pone.0162525.ref006]--[@pone.0162525.ref009]\]. Moreover, we have also previously determined that the FNIII14 peptide exerts no myelosuppressive effects in mice treated with FNIII14 and Ara-C \[[@pone.0162525.ref002]\]. Although the liver weight of mice treated with doxorubicin+FNIII14 was lower than untreated healthy mice in this study, our histopathological analysis indicated no abnormal features. Furthermore, no significant differences were observed in the weight of other tested tissues, or body weight, of doxorubicin+FNIII14-treated and normal healthy mice.

Taken together, our results indicate that the efficacy of chemotherapeutic drugs can be improved by administering the FNIII14 peptide with anti-cancer drugs. The FNIII14 peptide has the potential to provide a promising new clinical approach to achieving complete cancer cell eradication using anti-cancer chemotherapies. Furthermore, since FNIII14 enhances the cytotoxicity of anti-cancer drugs synergistically, the coadministration of FNIII14 could enable the anti-cancer drug dose to be reduced. This could potentially reduce the burden of side effects associated with anti-cancer drugs, and also reduce the late effects of anti-cancer drugs, such as cardiopulmonary toxicity and endocrinopathy in cancer survivors. Thus, although further studies are required, in particular to elucidate the reason for the reduced liver weight of FNIII14+doxorubicin-treated mice, FNIII14 may be able to contribute to maintaining a high quality of life in patients following chemotherapy; FNIII14 has the potential to achieve complete cancer eradication and reduce the dose of chemotherapeutics required.
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###### Materials and Methods section for [S1 Fig](#pone.0162525.s002){ref-type="supplementary-material"} and [S2 Fig](#pone.0162525.s003){ref-type="supplementary-material"}.
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###### Adhesion and survival of tumor cells treated with anti-adhesive peptide FNIII14.

4T1 (A, B, D) or B16BL6 (E, F) cells were seeded on fibronectin-coated plate with/without peptide FNIII14, β1 integrin activating antibody 9EG7, and caspase inhibitor Z-VAD. One and a half hours later, number of adhered cells (both spread and attached cells) in random 5 fields was counted after crystal violet staining (A, E). Twenty-four hours later, the number of viable cell was estimated by WST assay (B, D, F). Data were shown as means ± S.D. \*; p\<0.05 vs FNIII14(-)/9EG7(-) cells. (C) Cleavage of caspase-3 in MMT cells with FNIII14 treatment was evaluated by western blotting.
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Click here for additional data file.

###### Effect of FNIII14 on intracellular accumulation of chemotherapeutic drug.

\(A\) Doxorubicin (DOX)-treated 4T1 cells with/without FNIII14 administration was harvested and intracellular fluorescence was measured by flowcytometer. (B) FITC-conjugated vinblastine (VBL)-treated B16BL6 cells with/without FNIII14 administration was harvested and intracellular fluorescence was measured by flowcytometer.
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Click here for additional data file.

###### Activation of Bim signaling pathway in mammary 1 tumor cells with FNIII14 treatment.

\(A\) 4T1 cells, stimulated with peptide FNIII14, was stained using anti-Bim (red) and anti-tubulin (green) Abs. Representative images of confocal microscopic analysis from three independent experiments are shown. (B) Traces of fluorescence intensity spatial profile through the white broken line shown in confocal images (upper left of each histogram). White arrowhead displays a positive correlative colocalization of Bim and tubulin, or Bim and mitochondria, while white arrow indicates a absence of correlative colocalization.
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Click here for additional data file.

###### Combination therapy using FNIII14 and doxorubicin in mouse mammary tumor metastasis model.

Body weight (A), implanted primary tumor size (B), and the weight of lung (C) and spleen (D) at day 12 after tumor graft implantation was shown in bar graph. Data were shown as means ± S.D. \*; p\<0.05 vs Dox(-)/FNIII14(-) animals.
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